The internal calibration of the receiver chain, which is the first step of the overall radar calibration, is described first.
The complex structure of the receiver is analyzed and each element replaced by an equivalent circuit, thus yielding a reduced block diagram of the receiver chain. This diagram is then used to determine the receiver gain as a function of the receiver parameters. Special attention is given to the behavior of the receiver adapted filter (preintegrator) and to that of the hard-wired Fourier transfonner when processing various types of signal spectra.
Three measurements of the receiver gain are finally carried out using calibrated sources (coherent RF source, 10600 K noise source, and internal radar noise). The results exhibit a correct stability of the radar constant obtained from independent measurements. The addition of quantization noise in the Fourier transformer is also analyzed and discussed.
Manuscript received April 18, 1979; revised September 5, 1979 . The authors are with the Centre de Recherches en Physique de I'Environnement, Issy-les-Moulineaux, France. I. INTRODUCTION ADAR SYSTEMS used for the purpose of investigating the propagation of electromagnetic waves through precipitation must be carefully calibrated, since the relationships between reflectivity and characteristics of precipitation or radioelectric parameters are highly sensitive to variations in measured reflectivity [2] .
The present paper outlines the problems encountered when calibrating the RONSARD meteorological radars. These complex radars require special procedures. After a brief review of the radar equation history, a generally accepted formulation is suggested (Section II). Section III describes an equivalent diagram of the receiver and processor chain where each radar component is represented by its main characteristics (gain, attenuation, added noise temperature, or nonlinear behavior). An internal calibration of the radars using different kinds of calibrated sources, including the radar noise itself, is finally carried out for each of the possible pulse repetition frequency 0018-9413/79/1000-0288$00.75 © 1979 IEEE (PRF) modes. The independent measurements of the internal radar constants are compared and discussed in Section IV.
II. RADAR EQUATION RONSARD radars are single-antenna pulsed Doppler systems designed for meteorological purposes. For such radars, the echo signal received in the feed horn from distributed scatterers is a function of 1) the overall scatterers cross section, 2) the antenna characteristics, and 3) both the transmitted pulse and the propagation medium losses.
The so-called "radar equation" connecting these elements has been widely described in the literature during the past few years [4] , [7] , [1] . We assume, in the present study, the last formulation of the radar equation [1] , including the resolution cell width correction [3] , [5] , and we try to infer the law relating the recorded data and the scattered power. In the case of RONSARD radars, due to their numerous modes of operation, the single "radar constant" of standard radars becomes a complex receiver equation. So we shall discriminate in the following between the radar equation (returned power versus target characteristics) and the receiver equation (power measurements versus returned power).
The well-known equation established by Marshall, Hitschfeld, and Gunn [4] has later been modified in order to take into account more realistic conditions as shown in (1) [7] , [5] Fig.  l(a) [6] . The RF stages of the receiver consist of a dualpolarization system (orthomode, TR, limiter and polarization switch) and a two-stage switchable parametric amplifier followed by a 6-dB step adjustable attenuator. This amplifier and attenuator assembly is used for an automatic gain control (AGC) over a +30-to -50-dB gain range.
The RF signal is then mixed with a local oscillator output. The obtained IF signal is processed by a sensitivity time control (STC) system meant to counterbalance the effect of the llr2 variation of the signal. After Table I and yields an equivalent block diagram of the radar ( Fig. 1(b) ). Fig. 2 outlines a reduced block diagram of the whole receiver chain using a minimum number of subsystems. This will be used for the overall effective noise temperature determination and for the receiver constant calculation, both as functions of the AGC position.
A. ReceiverEffective Noise Temperature
All cascaded elements of the simplified diagrams in Fig. 2 theoretically take part in the radar effective noise temperature. However, the large gain of the IF amplifiers ensures that signalto-noise ratio (SNR) is not reduced beyond the RF mixer. Fig. 2 also shows the only active components affecting the noise temperature; this one is readily deduced from the standard equation allowing to compute the noise temperature for cascaded circuits [9] . The Fig. 3 deduced from measurements on one of the two radars. It is found that this noise temperature is exponentially increasing with respect to the AGC attenuation. The corresponding noise figure F = 1 + /010, displayed in Fig. 3, has Fig. 3 . Effective noise temperature (and associated noise figure) at the input of the feed horn. Curve (a) displays the rapid variation of the effective noise temperature e of the radar when the AGC attenuation grows up (i.e., when echo returns intensity increases). The corresponding noise figure F (curve (b) ) is a linear function of the AGC attenuation above 18 dB. The radar noise is then only due to the RF mixer noise magnified by the AGC attenuation of the preceding stages.
(Appendix I) that the power gain of the preintegrators is C2 T2 in case of coherent signals and C2 T/B in case of Gaussian white noise, where C is a gain constant, which in RONSARD receivers is adjusted to a value close to lIT depending upon the chosen range gate width. Thus the preintegrator gain is 1 for coherent signals, and close to l/BT when processing white noise.
In addition, the hard-wired Fourier processor has a different response to coherent or white-noise type signals, and its behavior also changes in the presence of meteorological echoes. 1) For coherent signals, the effect of spectrum line cancelling under a -12-dB threshold [6] is equivalent to a gain reduction and an additional noise.
2) For white noise, the previous effect is increased by the quantization noise due to equidistribution of spectral lines.
3) Meteorological signals have both deficiencies. In addition, the time variation of amplitude, which is related to spectrum broadening, is the cause of random clamping, globally reducing the gain.
The whole Fourier processor comprising the approximate discrete Fourier transform, (ADFT) the power spectrum density (PSD) computer, and the first moment computer is too complex for a complete analysis. A whole investigation of the device has been done by using computer simulation. Appendix II summarizes both the computation algorithms and the results.
In the following calibrations, only recorded time series are used, taking advantage of their great variation range; the temporarily ignored Fourier parameters are reintroduced in the last overall radar equation.
C. Calibration with the Intemal Sinusoidal RF Source
The calibrated sources is injected through a 40-dB coupler at the parametric amplifier input; a signal-to-noise ratio greater than 12 dB ensures that noise sources can be neglected.
Refering to Fig. 1(b) , the receiver equation is simply Mo = (L RFGIFGPA) Ps (5) where MO is the ideal first moment of the PSD computed without quantization noise and Ps is the injected source power.
D. Calibration with the Radar Noise
The unavoidable radar noise, previously calibrated, has naturally a Gaussian probability density and a uniform spectrum over the whole parametric amplifier bandwidth. Assuming that B is the receiver bandwidth before preintegration, the part of the noise power at the input of the feed horn contributing to the noise power measurement has a bandwidth B. This noise power PN is PN = kBO where k is the Boltzman constant (k = 1.38 10-23 J/K) and 0 is the previously computed effective noise temperature at the feed horn input (K). The In case of measurements using the sinusoidal RF source, the power fed to the input of the parametric amplifier is equal to -79.2 dBm for all PRF's. The estimated receiver constant i simply the difference between the measured first momen MO, expressed in decibels, and the input power.
The radar noise, estimated from (4), is only mentioned t( ensure that the signal-to-noise ratio is great enough for a vali( measurement. It should be noticed that the radar noise de creases by 3 dB going from the 50-m to 100-m range gate widtl ( Measurements of the receiver constant from the 10 600 K noise source are similar except that the equation for computing the noise power is (7) , including the noise temperature of the RF source.
The receiver constants measured for each of the three possible range gate widths are found within a 0.6-dB interval. This is the theoretical limit in RONSARD radars accuracy since, if we assume a correct radar equation, the average reflectivity factor that can be obtained from recorded time series has an absolute accuracy limited to ±0.3 dB. However, the obtained receiver constants do not include the mean attenuation and quantization noise due to the approximate DFT. It has been shown in Appendix II that, when processing the spectra first moment MO, the additional errors involve a reduced accuracy of the mean reflectivity factor estimate which amounts to the order of ±0.5 dB. In addition, this bias is contaminated by a 1.8-dB additional noise due to quantization effects in the Fourier processing.
Finally, the receiver gain may be obtained with a ±0.3-dB accuracy when recording time series, while a lower ±0.5-dB accuracy is implied by the hard-wired Fourier transform processor. The quantization noise, neglectable in case of time series (<0.1 dB), is significant when processing first moments, though it does not affect the mean estimate of the reflectivity factor.
The present work is the first step of the global RONSARD calibration program. The overall ±03-dB deviation between the mean internal radar constants obtained from independent measurements characterizes the upper limits of accuracy for future measurements. They will consist of a global examination of the extemal radar equation including active soundings on a calibrated sphere, comparison of radar data to disdrometer and rain gauges, and passive observation of the available radio sources (sun and moon). These operations are scheduled for 1979 and will be reported in a future paper. s(to ) = CT e(to) -sin (wo T1/2) WOoT/2 (9) In case of RONSARD radars, wOT/2 is smaller than 0.13 and the last corrective factor can be neglected. The preintegrators gain is, therefore, of the order of C2 T2.
B. Gaussian White Noise Equation (9) can be interpreted as a convolution of the input signal e(t) with a rectangular shaped function p(t) defined as follows:
Assuming that E(v), S(v), and P(v) are the Fourier transforms of e, s, and p,. the convolution becomes ,~+00
Then the power U'ut of the output noise is given by the expression .+0
The spectrum width of the input noise is limited by the receiver to a bandwidth B. We assume, for this spectrum, a rectangular shape so that, aU2? being the input noise power, the input noise spectrum is defined by (12): 
APPENDIX II EFFECTS OF QUANTIZATION NOISES IN THE
RONSARD FOURIER PROCESSORS A simulated signal with the same statistical properties as echoes from meteorological targets has been generated, according to the procedure described by Sirmans and Bumgarner [8] .
Sixty-four complex xi + jyj samples time series are processed in a simulated approximate direct Fourier transformer (ADFT).
The word length of the complex time series as well as truncation of sine and cosine tables are similar in the program and in the hard-wired machine.
The PSD's computed from the complex spectra are then processed in a simulated postprocessor performing 1) research of the maximum amplitude SM among spectral lines, 2) cancellation of the spectral lines below SMI16 (SM -12 dB), 3) PSD first-moment computation, respecting the word length of the actual machine.
The power of the whole Fourier processor (i.e., the power of the input time series) is 64 Pin= (XI?+yi)
The resulting first moment Mo of the PSD yields a measurement of the output power Pout taking a fitting factor into account.
The Pout/Pin ratio is finally computed for each periodogram, and a mean Pout/Pin value obtained from 300 time series. The same process is repeated for various mean input power values and spectrum widths.
Results of that simulation of RONSARD processors are summarized in Fig. 4 showing the processor loss PoutIPin as a function of the normalized input power (input power referred to the maximum value). 
